1. On brief exposure of rats to hypobaric conditions, the activity of hepatic mitochondrial succinate dehydrogenase was raised from the basal state to a 'partially activated state'. This was further raised to 'fully activated state' by preincubation of mitochondria with succinate, as was the activity in mitochondria from normal rats. 2. On washing mitochondria with the homogenizing sucrose medium the activity excess obtained on preincubation with succinate was lost in mitochondria from both normal and treated rats. 3. The enzyme in the 'partially activated state' from animals exposed to hypobaric conditions was stable to the washing procedure but was labilized and reverted to a low basal state of activity on freezing and thawing of the isolated mitochondria. 4. The results suggest that activation of succinate dehydrogenase under hypobaric conditions represents a conformational change leading to a stable, partially activated, form of the enzyme system: this is the first evidence of physiological modulation of this rate-limiting step in the control of the rate of oxidation of succinate.
Mammalian succinate dehydrogenase was activated severalfold on preincubation with succinate or other related substances capable of combining at the active centre (Kearney, Singer & Zastrow, 1955; Kearney, 1957) , and to a smaller extent on exposure to elevated temperature (Thorn, 1962) . This activationwasobservedinmitochondria prepared from a variety of animal tissues and also in solubilized preparations of the enzyme from bovine heart mitochondria (Kimura, Hauber & Singer, 1963) . Extensive studies by Kimura, Hauber & Singer (1963 demonstrated that the activation was reversed on removal of the bound activating agent either by exclusion on Sephadex gel or by repeated washing. In view of the accompanying spectral shifts (Kearney, 1957; Dervartanian & Veeger, 1964 ) the activation was considered to be due to a change in the conformation of the protein, transforming it from a basal form, low in activity, into an 'activated state'. [The terminology used in the present paper is as follows: 'basal state', activity in mitochondria as isolated from normal animals; 'low-pressure-activated state' or 'partially activated state', activity in mitochondria from animals exposed to low atmospheric pressure; 'succinate-activated state' or 'fully activated state' or 'activated state', activity in mitochondria when preincubated with succinate as described by Kimura et al. (1967 (weighing 150-170g.) from the stock colony were exposed to an atmospheric pressure of350 + 5 mm. Hg, corresponding to an altitude of about 20000ft., in a decompression chamber fabricated in this laboratory (Ramasarma, 1965) . Low pressure was obtained in the chamber in less than 3min. after the start of the evacuation and was maintained for 2, 4 or 6hr. At the end of the period atmospheric pressure was restored. The animals were then removed and killed by stunning and decapitation. After perfusion with cold 0-9%NaCl the liver was homogenized in lOvol. of cold 0-25M-sucrose medium [containing 001 m-tris (pH 7.4) and 5mM-EDTA] in a Potter-Elvehjem homogenizer. Mitochondrial fractions were obtained by differential centrifugation by the procedure of Schneider & Hogeboom (1950) , and were washed once with homogenizing medium and suspended in the medium. Protein was determined by the biuret method (Gornall, Bardawill & David, 1949) . The mitochondrial suspension generally contained 10-15mg. of protein/ml. Enzyme assays. Succinate dehydrogenase activity was determined spectrophotometrically with either DCI* alone or PMS-DCI as electron acceptor, by the methods of Green, Mii & Kohout (1955) and Arrigoni & Singer (1958) respectively. When DCI was used the assay mixture contained 50,umoles of potassium phosphate buffer, pH7-4, 1-5mg. of bovine serum albumin, 6 0,umoles of potassium cyanide (freshly neutralized), 0-04 umole of DCI and 1-2 mg. of mitochondrial protein in a volume of 2-9 ml. The reaction was started by adding 50 jmoles of succinate (contained in 0-1 ml.) and the rate of reduction of DCI was followed by the decrease in E600 in a Beckman DB recording spectrophotometer. In the PMS-DCI method (Arrigoni & Singer, 1958 ) the reaction mixture contained lOO,umoles of potassium phosphate buffer, pH 7-6, 1-2 ,moles ofpotassium cyanide (freshly neutralized), 0 75,umole of CaCl2 and 1-2mg. of mitochondrial protein in a volume of 2-7ml. The reaction was started by the successive addition of 50 /tmoles of succinate (in 0 1 ml.), 0 04,umoles of DCI (in 0-1 ml.) and 0-1 ml. of 1% PMS solution, and the decrease in E600 was determined. The enzyme activity is expressed as units/mg. of protein, 1 unit being 1 ikmole of DCI reduced/min.
Succinate oxidase and cytochrome oxidase activities were determined by measuring the oxygen uptake manometrically Preincubation of mitochondria with 8uccinate. Mitochondria (1-2mg.) were preincubated in potassium phosphate buffer with 50,moles of succinate in a volume of 1-3ml. at 370 for 7min. (Kimura et al. 1967) . After the preincubation the enzyme activity was determined as described above.
Washing of the succinate-preincubated mitochondria. The activated preparation was diluted with 2vol. of sucrose medium and sedimented at 8800g for 10 min. in a refrigerated Sorvall RC-2 centrifuge. The sediment obtained was again suspended in 2 vol. of the medium and recentrifuged. The pellet so obtained was suspended in 1 vol. of medium and was designated 'wash I'. The process was repeated once again to obtain the 'wash II' preparation. In these experiments generally about 50 mg. of mitochondrial protein was used.
RESULTS
Activation of succinate dehydrogenase during brief exposure to low atmospheric pressure. Progressive * Abbreviations: DCI, 2,6-dichlorophenol-indophenol; PMS, N-methylphenazonium methylsulphate (phenazine methosulphate). of exposure to low atmospheric pressure (hr.) Fig. 1 . Changes in the activities of the mitochondrial succinate oxidase system in livers of rats exposed to low atmospheric pressure. Rats were exposed to lhalfatmospheric pressure for 2, 4 or 6hr. and the mitochondrial suspensions tested for succinate oxidase (o), succinate dehydrogenase (0) and cytochrome oxidase (A) as described in the Experimental section. The values represent the means of the samples independently processed from six rats in each set.
exposure of rats to low atmospheric pressure led to increased succinate oxidase activity of liver mitochondria, in confirmation ofearlier observations (Criscuolo, Hale & Mefferd, 1958; Tappan, Reynafarge, Potter & Hurtado, 1957) . This increase is apparently not due to overall enhancement of activity of the whole system, since only the activity of succinate dehydrogenase, the ratelimiting step, increased, not that of cytochrome oxidase (Fig. 1) . The results in Table 1 show a small decrease in these enzyme activities in rats treated with cycloheximide, at the dose known to inhibit protein synthesis (Johnson, Hill, Alden & Ranhotra, 1966) (14) Low pressure 10-0+2-3 (11) 10-3+0-9 (6) 102+16 (11) 94+13 (6) Kearney (1957) that the activation phenomenon may be the same in all these cases. In all further experiments, therefore, preincubation in phosphate buffer in the presence of succinate at 370 for 7min. was used as the standard procedure for obtaining full activation of the enzyme. Mitochondria isolated from the livers of rats exposed to low atmospheric pressure were tested for activation by preincubation with succinate. The maximum activity reached in both the normal and the 'low-pressure-activated' mitochondrial samples was the same (Table 2) . If the amount of enzyme protein had increased during exposure to low pressure, the activation by succinate should have been greater. These results therefore suggest an increased activity of the existing enzyme.
The effect of succinate concentration during assay on the activity ofthe enzyme was next studied. Both normal and 'low-pressure-activated' mitochondrial samples, either with or without prior incubation with succinate, gave the expected response to increasing substrate concentration (Fig. 12) . Lineweaver-Burk plots gave the same Km value for all the samples, indicating that kinetically the activation obtained either by preincubation of mitochondria with succinate or by exposure of rats to low atmospheric pressure is of 'V' type (Monod, Wyman & Changeux, 1965) .
Regulatory effects by adenine nucleotides on the activation (or inhibition) by other metabolites of enzyme reactions are well known. A related typical example is the activation of acetyl-CoA carboxylase on preincubation with citrate (Martin & Vagelos, 1962) and the counteracting effect of ATP (Fang & Lowenstein, 1967 The protein used for normal mitochondria both without preincubation (0) or with preincubation with succinate (0) was 2mg., whereas that used for low-pressure-activated samples with preincubation (A) or without preincubation (A) was 1-3mg. The lowest succinate concentration used was sufficient for maximum activation during preincubation. Low-pressure conditions were as described in Table 3 . Effect of washing on the activated mitochondrial succinate dehydrogenase activity in liver8 of rats exposed to low atmospheric pressmure Mitochondria were preincubated with succinate and washed with the homogenizing medium by diluting with it and washing as described in the Experimental section. The values are the means of samples independently processed from two rats in each set. Low-pressure conditions were as described in Table 1 energy requirements. In this context the modulation of the rate-limiting succinate dehydrogenase to increase the overall rate of oxidation of succinate would become meaningful 'to take advantage of the mass action effect' as suggested for such altered systems by Tappan et al. (1957) . It is noteworthy that under conditions of oxygen excess succinate dehydrogenase activity was reported to decrease in A8tasia longa (Begin-Heick & Blum, 1967) . These effects could be explained in terms of the concept propounded by Racker (1965) that the influence of an external agent will be on the pacemaker enzyme 'with the capacity close to the rate-limiting factor of the pathway', rather than an enzyme present in large excess. Cytochrome oxidase is at sufficiently high concentration not to be rate-limiting. The limiting enzyme in the sequence ofelectron transport in this system is known to be succinate dehydrogenase, and this is the obvious site for a change to increase the overall rate despite lower oxygen concentration.
The remarkable feature underlying the observed effect is that physical exposure of the intact animal for a short period to low atmospheric pressure elicited what is apparently a structural change of an enzyme protein in liver mitochondria. The nature of this 'low-pressure activation' of succinate dehydrogenase deserves some comment. Since this 'partially activated state' was raised to the same 'fully activated state' as in normal mitochondria by preincubation with succinate, it is logical to compare the two mechanisms. There are at least two distinguishing features. First, activation obtained by succinate was reversed to the 'basal state' after one washing with sucrose medium in both types of preparations. Secondly, freezing and thawing of mitochondria deactivated the 'low-pressureactivated' samples even in the presence of succinate, whereas activation obtained by preincubation with succinate was completely stable on subsequent storage in the presence of succinate. It is not obvious whether the activation in 'low-pressure exposure' was caused by succinate or some related substance, which may be normally firmly bound but labilized during freezing and thawing. However, significantly these changes finally lead to the same maximal activity of the protein when the mitochondria are preincubated with succinate, suggesting that these may form part of the alterations, albeit by different mechanisms, of the same active site. These results are represented in Scheme 1.
Observing the phenomenon of succinate activation, Thorn (1962) and Kimura et al. (1967) emphasized the importance of this activation and the need for its recognition in the correct measurement of succinate oxidation. It is apparent from our results that the basal activity would better represent the physiological activity of the enzyme system. Modulation of the activity of succinate dehydrogenase might control the oxidation rates of succinate. The present work supplies the first evidence of such a phenomenon occurring in intact animals.
